Circularly polarised light opens a gap in the electronic Dirac spectrum of graphene and topological insulator surfaces, thereby inducing a quantum Hall like phase. We propose to detect the accompanying light-induced edge states and their current by the magnetic field they produce. The topological nature of the edge states is reflected in the mean orbital magnetization of the sample, which shows a universal linear dependence as a function of a generalized chemical potential -independent of the driving details and the properties of the material. The proposed protocol overcomes several typically encountered problems in the realization and measurement of Floquet phases, including the destructive effects of phonons and coupled electron baths and provides a way to occupy the induced edge states selectively. We estimate practical experimental parameters and conclude that the magnetization signature of the Floquet topological phase may be detectable with current techniques.
The last decade has seen huge steps in the quest to identify and produce topological band insulators and superconductors and characterize them by their transport and density of states properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . While a variety of materials that realize topological phases are known by now, experimentalists still fight with material-specific imperfections [11] . It was proposed though that subjecting non-topological, well-understood materials to light could provide another, fundamentally different way to induce topological properties in electronic behaviour [12] [13] [14] [15] [16] .
Topological phases induced in this way form part of a wider class of systems termed Floquet topological insulators [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , and are intrinsically non-equilibrium systems which inherit their properties from both the oscillating electromagnetic field and the initial band structure of the material. Circularly polarized light for example is expected to open a gap in the Dirac spectrum of graphene or on the surface of a topological insulator -similar to the effect of a static time-reversal symmetry breaking fielddriving the system in a quantum Hall-like state [12, [33] [34] [35] . Recently experiments have observed first signatures of this effect in the band structure [36] [37] [38] , but demonstration of a topologically nontrivial property of the lightgenerated phase remains an open problem.
The hallmark of topological insulators is the existence of protected boundary states [1] [2] [3] [4] [5] [6] 39] . This fact extends to light-induced topological phases [12] [13] [14] 24] . For example, both integer quantum Hall and light-induced quantum Hall-like phases feature a number of unidirectional edge states that carry a constant current around the sample if occupied. An experimental observation of these light-induced edge states would prove the topological nature of a light-induced gap and is therefore highly desirable.
In this work we propose an experimental protocol that allows to create such topological edge currents in a controlled fashion and measure them through the magnetic field they produce. The setup we envision is depicted in Fig. 1a ). An isolated two-dimensional electronic system, here graphene, is irradiated by circularly polarized light. Careful design of the laser pulse and control over the initial chemical potential allows to selectively occupy the induced edge states and ensures that phonons do not destroy the effect. We expect that the resulting edge current becomes visible in sensitive measurements of the magnetic field, especially close to the edge of the sample, e.g. by using a SQUID device [40] [41] [42] . Unlike in a real quantum Hall system the edge contributions to the magnetic field are not concealed by fluctuations of a large applied magnetic field since they are induced by a light pulse instead.
We find that the existence of edge states is revealed by a magnetic field pattern that reminds of a current loop, see Fig. 1b ). The topological origin of the edge contribution is reflected in the mean orbital magnetization of the sample, which shows a universal linear dependence as a function of a generalized chemical potential -independent of the driving details and the properties of the material. We support our results through a mapping to the theory of magnetization in time-independent systems [43] , recovering the topological signatures and consequences of the Berry phase as known for the standard case.
Hamiltonian and Floquet states. In the light of recent experiments we will focus on Dirac-like electron systems and circularly polarized light to demonstrate our more general concepts [36, 37] . Just like a magnetic field, the rotating electric field of circularly polarized light forces electrons in a two dimensional plane into circular orbits if considered classically. Thus it is not surprising that it can also induce a quantum Hall-like phase in the Dirac spectrum, with protected unidirectional edge states encircling the sample [12, [33] [34] [35] .
While experiments on topological insulators have shown the greatest promise so far [36, 37] , we concentrate on graphene for our discussion since it is considerably easier to simulate -however, our results should be transferable. We describe graphene on the basis of a honeycomb tight-binding Hamiltonian [44] ,
where the sum runs over nearest neighbours only. The second term describes the effect of the rotating electric field E(t) = E 0 (sin ωt, cos ωt) caused by the light, where x i denotes the position operator of site i. The effects of the much smaller magnetic contribution of the light field can be neglected [12] . In the following we will use the dimensionless quantity A = eE 0 a/ ω to characterise the light intensity and the hopping energy γ = 2 v F /3a ≈ 2.8eV as the unit of energy. Here v F ≈ 10 6 m/s is the Fermi velocity near the Dirac point and a = 1.41Å the carbon-carbon spacing. The simulations are performed on a square array of L × L graphene unit cells.
In a time-independent problem, the great significance of energy eigenstates derives from the fact that they are stationary, gathering only a phase when being propagated by the time evolution operator U , U (t)|e j = e −iEj t |e j . In a periodically-driven system, their role is taken over by quasi-stationary Floquet states |f jeigenstates of the so-called Floquet operator F = U (T ): after propagation for one cycle of the driving they return to their initial form up to a phase, F|f j = e −i j T |f j , which makes the set of all Floquet states a very useful basis. The role of the energies is taken over by quasienergies
The circularly polarized radiation opens a gap in the quasienergy spectrum of graphene, as illustrated in the inset of Fig. 1 for a strip geometry sample [59] . This gap can be regarded as a gap "of magnetic type" due to the formal similarity to the gap induced by a time-reversal symmetry breaking field [35] . The topological edge states that arise (green) are Floquet eigenstates with quasienergies crossing the bulk quasienergy gap. They come hand in hand with a non-trivial total winding of the Floquet states in the Brillouin zone [17, 23, 24] , in analogy to the corresponding time-independent situation [45] .
Orbital magnetization of Floquet states. The orbital magnetization operator for electrons in an isolated twodimensional sample of area V is given bŷ
in Gaussian units. In principleM (t) is periodic in time, but it becomes time-independent when the gauge for the electric field is chosen as in Eq. (1). An electron that is found in a Floquet eigenstate |f i (t) would contribute M ii (t) = f i (t)|M |f i (t) to the orbital magnetization of the sample. We will be particularly interested in the mean magnetizationM ii , obtained by averaging M ii (t) over one period of the driving field. Written in terms of the Fourier components |φ
From standard Floquet theory [46] it is known that the |φ
form the components of the eigenvectors of the so-called Floquet Hamiltonian,
T [46] . The Floquet Hamiltonian in turn is a hermitian operator of form (H F ) kl = H k−l + kωδ kl in frequency space, with H (m) being the mth Fourier component of the periodic Hamiltonian H(t). Strictly speaking, the sum over l in Eq. (3) is infinite just as the Floquet Hamiltonian, and correspondingly the orbital vectors. In a real system, the components |φ (l) i decay in magnitude with l, so that it is reasonable to introduce a cutoff.
Thus a driven system is described by the eigenvalue equation of a hermitian operator, just as a timeindependent one. Eq. (3) shows that in the corresponding space of eigenstates, we can introduce an operator M F for the mean magnetization with block components (M F ) kl =M δ kl , such thatM ii is simply the expectation value of this hermitian operator for the corresponding Floquet Hamiltonian eigenstate,
This allows us to connect the mean magnetization of our driven system to the theory of magnetization in nondriven systems [43] : we can interpret the formula for the mean magnetization as the magnetization of a nondriven system with a multi-orbital (corresponding to the frequency components) Hamiltonian and thus all statements known about the orbital magnetization in nondriven systems apply correspondingly for the mean magnetization of irradiated samples, including statements about the influence of the Berry curvature and, in particular, the orbital magnetization contribution of topological edge states.
Signatures of light-induced quantum Hall edge states. Now consider an infinite strip of graphene with conserved We already saw the effects of this current in the local magnetic field pattern in Fig. 1b ). In such a square sample, the edge current circulates around the sample and produces a magnetic field, which, through Maxwells equations can be captured by a magnetization of strength M = I/c. The mean orbital magnetization of a quantum Hall edge state is thus given by the term
with C being the number of protected edge states crossing the respective gap, analogous to the non-driven case [43] . This universal linear mean magnetization behaviour that depends solely on the topological properties of the system is a unique signature of the edge states. Our numerical results in Fig. 2a) show clearly the collapse of the mean magnetizationM = i<µ M ii onto a single (green) lineM = − e hc µ for various laser parameters. Experimental protocol and practical considerations. To actually realize and measure the Floquet phase, we need to overcome three major challenges: first of all, we need to be able to selectively occupy Floquet states. Furthermore, a strong light source is needed to induce this nonlinear effect to a measurable degree, while at the same time, phonons must not be excited strongly since they would destroy the concept of Floquet states for the electrons. Last but not least, the typical transport measurement techniques [50] [51] [52] [53] require a coupling to fermionic reservoirs, allowing energy to be transferred into or out of the sample which is again fatal to the Floquet states.
By our choice of a non-invasive measurement, i.e. by detecting the effect via the magnetic field, we can avoid direct contact of the sample with fermionic reservoirs. Further we use an intense but short laser pulse, ensuring that relaxation processes through phononic channels are negligible since they happen on longer time scales. Let us now consider in detail how a controlled occupation of Floquet states can be achieved.
Before the driving is present, the system is in a low(zero) temperature ground state with chemical potential µ, where all the electrons are essentially found in energy eigenstates |e i with energies E i . According to the adiabatic theorem for periodically-driven systems [49] , energy eigenstates can be turned into Floquet states by an adiabatic switch-on of the driving strength. We find that the times required for an approximately adiabatic switch-on are surprisingly short.
To be more precise we consider an electric field amplitude that follows E 0 (t) = E 0 sin 2 [ π 2 (t + t sw )/t sw ] during the switch-on period −t sw < t < 0. The electrons' propagation through this time leads to new states |ψ i = U switch |e i . After the switch-on process, the Hamiltonian becomes strictly periodic and the time evolution of the electronic states is best described by writing them as a superposition of Floquet eigenstates, |ψ i (t) = j a ij |f j (t) . The prefactors a ij = f j (0)|U switch |e i depend only on the switch on process and therefore the shape of the laser pulse. If the switch-on process happens slowly, the adiabatic theorem for driven systems [49] , states that an energy eigenstate is transferred into a Floquet eigenstate, with a ij = δ ij after choosing a suitable ordering for the eigenstates. Together with the choice of initial chemical potential µ, this gives us a handle to occupy Floquet states in a controlled way.
The expectation value of the magnetization during the periodic part of the pulse for a given initial chemical po-tential is M (t) = Ei<µ e i (t)|M |e i (t) which becomes
with M jk (t) = φ j (t)|M (t)|φ k (t) . In a long time average, cross contributions drop out and we obtainM = Ei<µ j |a ij | 2M jj . With a perfectly adiabatic switch on process, where a ij = δ ij , the mean magnetization simply becomesM = Ei<µM ii , very similar to the situation with artificial quasienergy chemical potential µ .
The simulation results in Fig. 2b ) demonstrate how small a switch-on time is needed to obtain a nearly complete adiabatic transition into Floquet states. And even the correct ordering is obtained automatically in the large frequency limit shown here. To be more precise, we plot the mean magnetization obtained after a switch-on duration of t sw = 5T as a function of initial filling fraction n (IF) and compare it to the "artificial" magnetization curve as plotted in Fig. 2a) , translated into a function of Floquet band filling fraction (FF). The transition from energy to Floquet states works excellently for zigzag termination of the sample, with nearly indistinguishable curves. For armchair edges, the adiabaticity is good in overall, with some deviations closer to the Dirac point. The transition to the driven state is better for zigzag edges since they feature dispersionless edge states that provide a good starting point to develop the driven edge states. A realistic sample is expected to show a behaviour between the two extremes. The inset illustrates the adiabaticity for different switch-on times, measured in terms of the integrated distance between the curves, ∆M = dn(M FF −M IF ).
WhileM depends linearly on n when filling edge states, the gradient is not universal as in Eq. (4). To reveal the universality also for the laser pulse protocol, we first need to transform n into a generalized chemical potential dµ = L 2 dn/ρ(n) via the density of Floquet states ρ. In the limit of weak driving this can be done in the edge state region by estimation of ρ through the size of the light-induced gap ∆ 0 ≈
2 and the distance of the Dirac cones in the edge Brillouin zone, ∆k ≈ 2/ √ 3a [33, 35] . We thus obtain dµ = (2πL/8∆ 0 ) dn and as shown in Fig. 2c ) the universal linear dependence is recovered, providing a direct way to see the topological nature of the edge states.
For low frequencies, the quasienergy spectrum becomes folded and adiabaticity is not able to ensure the filling of Floquet states in the right order. Nevertheless, varying µ closely around the Dirac point still occupies the Floquet edge states in a controlled fashion as we demonstrate in the inset of Fig. 2c) . Note that the Dirac cones can move when varying the driving parameters [55] and when they get close enough to each other, a topological transition can take place. This happens e.g. roughly around ω ≈ 1 when reducing ω for fixed A = 0.2. In the course of the topological transition, the direction of the edge state reverses, causing the opposite sign of the magnetization gradient observed in the inset. Even though the Dirac points move, the curves still collapse approximately far enough away from a transition. Note that the low frequency regime supports additional edge states around quasienergy = π/T , which also feature a universal magnetization gradient following Eq. (4). Adiabaticity gives some control over the occupation of these edge states as well; the situation is more complex though.
Experimental considerations. Experimentally, a sizable gap of ∆ 0 ∼ 50meV has been induced by a circularly polarized laser in the Dirac-like spectrum of a topological insulator surface. The laser light used had frequency ω = 120meV and intensity E 0 ≈ 2.5×10 7 V/m, focussed on a surface area of size ∼ 300µm [36] . The laser pulses of length 250fs contained ∼ 10 laser oscillations. This low frequency regime is experimentally the regime where the largest gaps can be achieved in Dirac-like systems. Inspired by these values, consider an experiment with either graphene or a topological insulator surface and either a slightly higher light frequency or longer pulse duration such that the laser pulse accommodates sufficiently many laser cycles (∼ 40) to realise a switch-on period of 5 cycles followed by a period of periodic driving.
The total mean current flowing along the edge is I = e∆ 0 /h when the complete chiral edge state is filled across a gap ∆ 0 . If a topological gap of ∆ 0 ∼ 50 meV is induced, the current would thus be I ≈ 2µA. Let's imagine measuring the magnetic field produced by this current with a SQUID devoce of r ∼ µm radius for temperatures around 4K. Realistically the SQUID operates in a quantum limited regime with a magnetic field noise of ∼ 10 −11 T/ √ Hz. In a region close to the current flow, the magnetic field would be B ∼ µ 0 I/2r ∼ µT. If the SQUID would only measure during the 1ps duration of the laser pulse, this would yield a signal to noise ratio of ∼ 0.1. Present state of the art SQUIDS are not able to measure on these short time scales though. Measurement times of ∼ 10ps seem to be within experimental reach though [60] , for which the mean magnetization measured is reduced by 1/10 and the noise by 1/ √ 10, leading to a signal to noise ratio of ∼ 0.03. Careful design of the experiment and the laser parameters should be able to improve this ratio -e.g. in graphene the current is a factor 2 larger because of the two spin components and the higher Fermi velocity allows for larger gaps. A stack of graphene layers separated by insulating layers would further enhance the field strength like in a coil -such a stacking should be feasible technology-wise [63] . Since repetitive measurement should be fairly easy to do automatically, we are thus expecting that the magnetic field can be measured.
Let us comment briefly on the impact of dissipative processes -e.g. a coupling to phonons [56] [57] [58] . In their presence and at sufficiently large time, the system would go into a stationary state with an effective temperature. Since Floquet states are intrinsically non-thermal, they would essentially be destroyed in this situation. Fortunately, for times shorter than the typical time scale of phonon-electron interactions in the respective systems (∼ps), Floquet states can be an adequate description. This holds for the short laser pulses we envision and was fulfilled in the recent experiments of the Gedik group. [36] Due to its topological nature, the effect we obtain should generally be stable against imperfections of the sample. In the low frequency regime, competing multiphoton gaps combined with disorder scattering may lower the effectively observed topological gap, however [61, 62] .
To summarize we have investigated the mean magnetization of periodically driven systems and proposed a protocol to realize and measure a light-induced quantum Hall-like edge states, overcoming the typically fatal problems connected to Floquet phases. In most respects electron-electron interactions do not change the qualitative physics of either graphene or topological insulators, leading us to believe that the neglect of interactions in the above is not a drastic approximation. Just as for timeindependent systems, it remains an outstanding problem for future work to derive the linear edge magnetization dependence from the bulk theory. An interesting extension of the theory we present could be to approach the magnetization fully via the time-evolution operator to connect to recent topological classifications solely based on this operator [24] .
